Abstract In order to reduce the energy consumption of buildings, modern windows include metal-containing coatings. These coatings strongly attenuate the microwaves used for mobile communications. Here, we present a novel approach to improve radio signal transmission by structuring a low emissivity coating. Laser ablation is used to scribe a line pattern on the coating. The microwave attenuation of the initial coating ranges between -25 and -30 dB between 850 MHz and 3 GHz. The optimized patterning reduces it down to -1.2 ± 0.6 dB. The fraction of the ablated area is relatively low. Our experimental results show that it is possible to reach a level of attenuation close to that of a glass substrate by removing less than 4% of the coating area. The ablated lines are thin enough to not be noticed in most common lighting situations. Therefore, we achieve a dual spectral selectivity: the coated glass is transparent in the visible range, reflective in the infrared and nearly as transparent as its glass substrate to microwaves. Additionally, numerical simulations were performed and show that the attenuation at grazing incidences is dominated by the behaviour of the glass substrate.
Introduction
Energy-saving windows contain low emissivity (low-e) coatings. These coatings usually consist of a stack of dielectric and metallic thin films, generally 1-3 layers of silver along with 8-15 dielectric layers. The envelope of trains is usually made of metal. If such train is equipped with windows containing metallic coatings, the electromagnetic waves used for telecommunications are strongly attenuated as in a Faraday cage. This problem was also identified in buildings equipped with modern windows [1] [2] [3] . When the attenuation is too strong, repeaters are used to amplify the signal. These need to be replaced whenever communication standards change and their cost is non-negligible. The currently used communication standards include GSM (Global System for Mobile communications, 880-960 MHz) and UMTS (Universal Mobile Telecommunications System, 1920-2170 MHz). Therefore, there is a need for a material engineered so that it could reflect the infrared and transmit the microwaves while conserving transparency in the visible: a low emissivity coating with high microwave transmission.
Properties not found in nature can be obtained by metamaterials. They are usually composed of structures which are much smaller than the wavelength of the electromagnetic waves with which it interacts. Metamaterials have attracted interest worldwide because they allow to achieve new properties such as a negative refractive index [4] [5] [6] or exceptional mechanical properties [7, 8] .
Frequency selective surfaces (FSS) are usually a twodimensional periodic array of patch or aperture elements with dimensions in the order of magnitude of the wavelength or smaller [9, 10] . Previous studies [11] [12] [13] [14] investigated complex-shaped FSS specifically designed to transmit narrow frequency bands (e.g. GSM 880-960 MHz). This narrow transmission band makes the structure dependent of changes in communication technologies. Furthermore, the surface of removed coating is rather large (12. 35% for the Ullah et al. design [14] ). As the effect on the radiative thermal properties is rather proportional to the surface of ablated coating, the ablated area should be kept as small as possible.
The aim of this work is to achieve a combination of three main properties: transparency to microwaves for telecommunications, negligible losses in the thermal performances of the window and undisturbed visibility through the window. To reach these goals, we used laser ablation to prepare structured low emissivity coatings. We characterized these samples by SEM, confocal laser scanning optical microscopy, visible and infrared spectrophotometry, in terms of visual appearance of the pattern and by the spectral measurement of microwave transmission. The microwave transmission was also simulated, and results were compared to experimental data.
Theory
A patterned conductive coating can be described as a FSS. Various techniques exist for analysing frequency selective surfaces [15] . The analytical averaged approach presented by Costa et al. [16] can be used in order to analyse the frequency response of the FSS. A square patch pattern can be considered as a non-resonant structure with capacitive behaviour. The system can be modelled using an electrical circuit equivalence, where a resistor (R coating ) simulates a conventional low-e coating (see Fig. 1 a) , and a capacitor (C fss ) in series with a resistor (R fss ) represents a coating patterned in square patches (see Fig. 1b ). Z 0 represents the impedance of air and Z 0,in = Z 0,out = 377 X. The pattern can be described by the geometrical parameters linewidth w and periodicity D (see Fig. 1c ).
For the considered electrical circuit with a resistor and a capacitor in series, the cut-off frequency f -3dB corresponding to an attenuation of 3 dB is given by:
In the case of a capacitive square patch and at normal incidence, C fss is calculated as follows [16] :
where D is the periodicity of the FSS; w is the linewidth between the conductive patches; e 0 is the vacuum permittivity; and e r1 , e r2 are the relative dielectric permittivities of the surrounding mediums (i.e. air and glass).
If the ratio w/D is maintained constant, C fss becomes independent of w and is proportional to D.
The surface resistance R fss is given by [17] :
where R coating is the sheet resistance of the patches of the conductive coating. Therefore, if the width w is very small as compared to the distance D, the surface resistance R ffs will be similar to the resistance of the patches of the conductive coating R coating .
for w\\D : R fss % R coating ð4Þ
For patterned conductive low emissivity coatings on glass substrates, and for frequencies clearly below the plasma frequency of the free charge carriers, the following properties are typical [18] : e r glass = 7.0, coating sheet resistance: 4.0 X/sq. Using these values, the cut-off frequency f -3dB can be calculated as a function of w and D. Figure 2a shows the behaviour of f -3dB when w is kept constant at a value of 35 lm and D is varied from 0.5 to Figure 2b shows the behaviour of f -3dB when D is kept constant at a value of 2 mm, and w is varied from 1 to 100 lm. For small w, f -3dB goes approximately with ln(D/ w) (compared with Eq. 2). For increasing w, f -3dB is monotonously increasing, with decreasing slope. For w C 60 lm, cut-off frequencies f -3dB above 2.5 GHz are obtained.
Methods

Laser scribing of low emissivity coating
Commercial glass for energy-saving windows from AGC Verres Industriels Moutiers was processed. Glass samples with a thickness of 4 mm and a size of 500 mm 9 500 mm were used. They were coated with a ''Low-e Top N ? T'' low emissivity coating. After laser scribing, the glass panes were assembled into double glazing. They are composed of a first glass pane of grey glass 4 mm thick, a 12-mm air gap and the coated glass pane. With these dimensions, the attenuation of microwaves can be measured.
Laser ablation of the coating was performed using a 1064-nm nanosecond fibre laser. Patterns (lines or grid) were drawn using a human interface device defining the movement of the laser head, the sample staying motionless. Lines were ablated by pulses of laser at a frequency of 10 kHz with a speed of 6 m/min and a power of 10.5 W. Samples were processed with the laser beam incident from the backside for better precision [19] . Focus and power were adjusted in order to obtain an ablation width appropriate for interrupting the electrical conductivity. The latter being measured using a high voltage multimeter. Different laser parameters have been tested in order to obtain the thinnest line while still providing electrical insulation.
Characterization of the coating and of the ablated area
A Keyence confocal laser scanning optical microscope was used to determine the width of the ablated line and to check the regularity of the line on the day of processing. Further investigations by scanning electron microscope (SEM) were conducted using a FEI XLF30-FEG for secondary electron imaging at 5 kV (Everhart-Thornley secondary electron detector and Schottky FEG electron gun). Optical transmittance of the coated, uncoated and structured coating was measured, using a Zeiss diode array spectrometer (MCS 601 and MCS 611), in the ultraviolet (UV), visible and near infrared (NIR) range. A FTIR spectrometer (SE 900 Sentech) was used for investigating the optical properties of thin films in the middle infrared range, from 2.5 to 16.7 lm. The spectral reflectance of a coated glass sample was measured before and after engraving. Applying Kirchoff's law, which states that the emissivity, e, of a body equals its absorptance at thermal equilibrium, the emissivity can be obtained by subtracting the reflectance from 1. The reflectance q is the integral of the spectral reflectance weighted by the emission of a black body at 283 K. The influence of the alteration of emissivity on the thermal performances of the window was evaluated by calculating the U value or thermal transmittance of the centre of the glazing, U, according to the standard EN 673 [20] (Eq. 5, 6):
h e and h i are the external and internal heat transfer coefficient. h t is the total conductance of the glazing. The modification of the emissivity of the coated glass e 2 will impact the radiation conductance h r which is a contribution to h t . All other parameters were kept constant and as specified in EN 673. 
Measurement and numerical simulation of the microwaves transmission
In the scientific literature, different approaches are presented to determine the microwave attenuation or radio frequency (RF) insertion loss of a material [21] . In our work, we adopted a free-space approach (see Fig. 3a , b) that is recognized to be a good trade-off in of terms of measurement accuracy in a dynamic range of 50-60 dB, repeatability, simplicity of the test fixture and fast measurement time [22, 23] .
The window is composed of several interfaces (double glazing) separated by a metallic spacer; the construction tolerances are in the order of ±1 mm. The measured prototype dimensions are 50 cm 9 50 cm. To achieve the necessary accuracy, the set-up includes a large metallic shield to minimize the edge effect at the panel borders (see Fig. 3c, d ) and the measurement is performed with a 2-port Vector Network Analyzer (VNA) with time gating capability [24] . The set-up is composed of: The time-gated measurement results allow the cancellation of multipath effects of the room (walls, roof floor) but not of the edge effect (scattering on SUT edge). In fact, we observed some fading (Rician like) on the envelope of the measured curve. This effect is present only on samples less than 100 cm by 100 cm as the longest path cannot be discriminated in the time domain and the metallic screen introduces standing waves. Standing waves can be measured by averaging several measurements taken in different positions [25] or by averaging the results in the frequency domain. In the present work, the antennas were fixed in one position (to keep a constant zero reference); thus, we applied a post-treatment using a cubic smoothing spline to minimize the ripple on the SE curves [26] .
The structured coating was simulated with the 2.5D EM simulator Ansys Ò Designer TM (version 15.0.0), a commercial tool that allows the analysis of infinite structures acting as frequency selective surfaces (FSS) with fast and accurate simulations over an extremely wide bandwidth. The solver is based on the solution of mixed potential equations (multilayered media Green's functions) by means of the method of moments [27, 28] . The following properties were used [18] : e r glass = 7.0, coating sheet resistance: 4.0 X/sq.
Results
Characterization of the ablated area
The ablated area is kept small thanks to very narrow lines. A nanosecond fibre laser (1064 nm) was used to scribe fine lines on a low emissivity (low-e) coating. The frequency of the pulse was 10 kHz, and the displacement speed was 6 m/min. Figure 4 displays images that were obtained by confocal laser microscopy (a, b) and scanning electron microscopy (c, d). Figure 4a shows the detail of an ablated line; the dark area corresponds to the low-e coating. Due to the use of a nanosecond pulsed laser, the lines consist of a succession of overlapping discs corresponding to the focal spot of the laser. The overlap is in the order of 70-75% of the disc surface. The width of the resulting line is approximately 40 microns. Figure 4c presents an enlarged view. On the edge of the ablated line, an accumulation of material is observed. The material of the low-e coating is ejected to the side of the laser beam. After ablation, it was verified that the electrical conductivity between two adjacent zones was effectively interrupted using an isolation tester for a representative number of zones. The width of 35-40 microns was selected because it proves sufficient to electrically insulate two adjacent zones. This width could be reduced further in dust-free conditions. The laser ablation was then performed in parallel lines on the whole sample surface. Subsequently, an array of lines perpendicular to the first ones was ablated. The resulting intersection is shown in Fig. 4b, d . It can be observed that there is no material deposition on the lines around the intersection point. Therefore, there are no short circuits in these areas and square patches of conductive coatings are formed. The interspacing between lines was varied between 2 and 40 mm. For a linewidth of 40 microns and a spacing of 40 mm, the corresponding ablated area is only 0.2%. For the same linewidth and a spacing of 2 mm, the ablated area represents 4% of the coating.
The ablated area should be kept as small as possible to preserve the low emissivity and therefore the insulating performances of the window. The reflectance in the midinfrared region (2.5-16.7 lm) measured using an FTIR spectrophotometer is displayed in Fig. 5 . The solid line in Fig. 5 represents the conventional coating, and its reflectance varies from 94% at 3 lm to 97% between 10 and 16 lm. The dashed line shows the values measured after the laser engraving. The reflectance is slightly lower with values ranging from 91% at 3 lm to 95% around 9 lm. The feature observable around 4.4 lm is due to the absorption of water and was not taken into consideration for the calculation of emissivity. Table 1 displays the emissivity determined from the FTIR measurement and the corresponding thermal transmittance, or U value, calculated according to Eqs. 5, 6 [20] . For this calculation, a double glazing composed of two glass panes (one grey uncoated glass, d 1 = 5 mm and one coated clear glass, d 2 = 4 mm), an air gap of s = 12 mm and a mean temperature of T = 283 K were used. The laser treatment increases the emissivity of the coating of 3.2%. It corresponds to an increase of 0.1 W m -2 K -1 for the calculated U value, which is rather small. Hence, we can expect a minor difference between the conventional glazing and the one with a structured glazing in terms of overall thermal performances.
Optical properties and visual appearance
After engraving, the glass panes were assembled into double glazing to resemble a common window. Optical measurements were performed on the obtained samples. Figure 6 displays the direct transmittance in the solar spectral range (UV, visible, NIR) of the double glazing composed of the conventional low-e coating and the one with a structured coating (2 mm spacing grid pattern). The two spectra are similar; the three peaks visible around 400, 600 and 800 nm are due to the grey glass used as second glass pane. A difference can be observed from 1200 to 2100 nm where the structured coating is slightly more transparent. This can be explained since a part of the low-e coating which also acts as a solar protection is removed. The solar protection aims at reducing the amount of invisible solar energy (mainly NIR) entering the room to prevent overheating. From 400 to 800 nm, the measured values are comparable. It shows that the laser treatment does not alter the direct transmittance in the visible range.
As a result, the pattern is not visible in most lighting situations. Figure 7 displays photographs of the sample with a 2-mm line spacing. In Fig. 7a , representing a common situation, the pattern is not visible even though the focus was on the window. Figure 7b exhibits the specific case with strong backlighting. The pattern appears in the reflection of the sun beam. The other parts of the window remain clear. In Fig. 7c, d , a dark environment was set up in the laboratory. For the image in Fig. 7c , a strong illumination was directed towards the sample at a grazing incidence to reveal the pattern, while in Fig. 7d , in ambient light, the pattern is not visible. Along with a good transmission of microwaves, the low visibility of this laser pattern is a key element for user acceptance.
Measured and simulated attenuation of the microwaves
The interruption of the electrical conductivity at a scale much smaller than the wavelength considered is expected to enhance microwave transmission. As presented previously, the size of the pattern (D) modifies the capacitive behaviour of the coating. Figure 8a illustrates the measured microwave attenuation of the studied double glazing, composed of a first glass pane of grey glass with a thickness of 5 mm, a 12-mm air gap, and a second glass pane, 4 mm thick, either coated with a commercial low-e coating, uncoated (float glass) or with a laser-structured coating. The pattern obtained by laser ablation is composed of parallel and perpendicular straight lines forming a grid, thus resulting in square patches of low-e coating as described in Fig. 1c . The spacing D between the lines in horizontal and vertical directions is identical and is varied from 2 to 40 mm. The window with a full low-e coating exhibits a strong attenuation of the microwaves (-25 to -32 dB) in the Table 1 Results of emissivity determined form the FTIR measurements performed before and after engraving on the same coated glass
Before engraving 3.3 1.6
After engraving 6.5 1.7
The U value was calculated taking into account the measured emissivity for the full low-e coating and the engraved one Fig. 6 Optical transmittance in the solar spectrum range of the double glazing with full low-e coating (full coating) and with laserstructured low-e coating (ablated lines width of w = 37 ± 2 lm, spacing D = 2 mm in grid pattern) Fig. 7 Photograph of a double glazing window with laser-structured low-e coating (pattern with a line spacing of 2 mm). a Photograph of the sample in common outdoor conditions. The focus is on the frame, the background is blurry, but the pattern is not discernible. A zoom on the top left corner of the glass is presented in the inset. b Contre-jour photograph of the sample; in these backlit conditions the pattern can be distinguished in reflection. The inset shows a zoom of this reflection. c The pattern is revealed in extreme conditions, here by directing a strong illumination on the sample at grazing incidence.
d Photograph of the sample in indoor conditions with artificial light and a dark background range of interest (850 MHz-3 GHz). In contrast, the attenuation of microwaves is very low for a double glazing composed of uncoated glass, less than -1.3 dB for frequencies below 3 GHz. For the laser-structured coatings, the microwave attenuation varies dramatically with the size of the pattern D. Nevertheless, the pattern with D = 40 mm which represents a surface of ablated coating as small as 0.2% already reduces the attenuation from -30 to -12 dB at 850 MHz. As the line spacing is decreased, the microwave attenuation is decreased. For the pattern with D = 4 mm, the attenuation is no stronger than 5 dB between 850 MHz and 3 GHz. The values obtained for the smallest spacing studied (D = 2 mm) are extremely close to the one of the substrates. The difference between the two samples is ranging from 0.2 to 0.6 dB below 3 GHz. By removing less than 4% of the coating, a transparency to microwaves close to that of uncoated glass is achieved. In order to compare the experiments to the theoretical expectations, simulations were performed using the ANSYS Ò Designer TM software. The comparison between experimental and simulated results is presented in Fig. 8b at 900 MHz and Fig. 8c at 2100 MHz.
The attenuation is shown as a function of the surface of low-e coating that is removed. A line spacing of D = 4 mm represents an ablated area of 2% considering a linewidth of w = 40 microns. The values at 0% of removed coating represent the conventional low-e coating. At 900 MHz, both measured and simulated values are at -32.2 dB. There is a slight difference at 2100 MHz; the simulated value is -28.5 dB while the measured value is -26.1 dB. The straight lines indicate the value for the uncoated glass; identical values were obtained for simulated and measured results, namely -0.8 dB at 900 MHz and -0.9 dB at 2100 MHz.
The performed simulation shows a good agreement with the experimental results. In Fig. 8b , c, we can clearly observe the impact of the size of the pattern D and thus the surface of ablated coating.
Discussion
It is important that the microwave attenuation remains low for a wide range of angles of incidence. Numerical simulations were performed in order to forecast the behaviour of the double glazing window with and without the structured coating. Figure 9 displays the obtained results for transverse magnetic (TM) and transverse electric (TE) polarization. The continuous lines represent the double glazing without coating while the dotted lines refer to the structured coating. The different tints (red, green, blue) refer to the considered frequencies (respectively, 1, 2 and 3 GHz). It can be observed that the angular-dependent response is dominated by the behaviour of the uncoated glass. The attenuation of both the uncoated glass pane and the glass with the laser-structured coating is extremely low between 850 MHz and 3 GHz. In addition, the angular response is quite similar for 1, 2 and 3 GHz. Therefore, the proposed window with structured coating is expected to perform nearly like an uncoated glazing for a large range of frequencies and even at high angles of incidence.
A wide band pass is desired for compatibility with the future evolution of frequencies used for telecommunications. Furthermore, the angular-dependent transmittance is less critical for a wide band pass. The used grid pattern fulfils these conditions.
The cut-off frequency f -3dB shall be high enough for today's and future mobile communication. This can be assured by making D sufficiently small. An upper limit for Fig. 9 Simulated attenuation from normal to near-grazing angles of incidence simulated in a TM and b TE polarization at 1, 2 and 3 GHz. The straight lines represent the float glass without coating assembled as double glazing while the dotted lines refer to the new glass with the structured low-e coating (grid 2 mm) w can then be defined taking into account the desired ratio w/D. Too small w can result in a decrease of f -3dB , which is not desired. When w becomes comparable to the thickness of the conductive coating, an additional capacitive effect can be expected since the structure can then no longer be considered as two-dimensional.
Furthermore, the requirement of a low thermal emissivity implies that the surface of ablated coating shall be relatively small, and an upper limit for w/D can be defined.
In addition to this, further practical limitations for w are given by the quality of the environment of the laser engraving set-up (dust particles), and available lasers and optics. The range of linewidths from 10 to 50 lm in combination with millimetric line-to-line distances D turned out to represent a reasonable compromise being compatible with all theoretical and practical boundary conditions. An interesting alternative to the square patch pattern might be the hexagonal patch pattern due to its advantageous perimeter to area ratio [29] . However, this pattern does not feature uninterrupted straight lines and would therefore imply a longer processing time and an increase in the precision level in high-speed and large-scale production.
The mechanical properties of the windows are designed to resist mechanical shocks and pressure variations. A treatment should not modify the durability of the substrate. At the chosen wavelength, the glass is transparent. Therefore, we consider that with carefully chosen parameters, laser processing will not impact the mechanical properties of the glazing.
To estimate the impact of the laser treatment on the thermal properties of the coating, the spectral reflectance in the infrared region was measured. For a sample with a 2-mm grid pattern, e.g. less than 4% of ablated coating, the emissivity increased by 3.2%. The impact of this modification on the overall thermal performance was estimated to be small by calculating the U value for the centre of the glazing.
The selected grid pattern with a linewidth of 35-40 microns has a negligible impact on the direct optical transmittance and the visual appearance of the glazing. This is a key parameter for this new structured coating to be used in replacement of a conventional window. As buildings and trains have a long lifetime, the materials used in their construction should withstand at least 25 years. Compare to these time scales, communication technology evolves very rapidly. Repeaters used in trains and buildings consume energy. The typical power consumption of one repeater is in the order of several tens of kWh per day. In addition to that, they need to be replaced when the frequencies used for telecommunications change. Therefore, a passive solution to improve the propagation of microwaves in buildings is desirable.
Conclusion
In conclusion, we have been able to demonstrate by experience and simulation that it is possible to achieve the combination of three key properties.
The transmission of microwaves of the structured coating is similar to the one of the uncoated windows. Even at high angles of incidence, the microwave transmission is dominated by the glass substrate. The impact of this patterning on the attenuation was measured for double glazing, thus taking into account both glass panes and common air gap. Furthermore, only a small fraction of the low emissivity coating was removed. Therefore, the impact of this newly developed structured coating on the overall thermal properties of the window will be relatively small. Besides, the pattern is not distinguishable in most common lighting situations; thus, it does not disturb the view through the window.
To the best of our knowledge, it is the first time that experimental evidence for the combination of such properties is reported and that detailed experimental data are compared to numerical simulations. We expect this new approach to reduce the number and energy consumption needed for repeaters in highly glazed buildings and modern trains while preserving the high thermal insulating properties of the windows.
